Hot dip galvanizing technology is now widely used as a method of protection for steel rebars. The corrosion behaviors of Q235 carbon steel and hot galvanized steel in a Ca(OH)2 solution with a pH from 10 to 13 was investigated by electrode potential and polarization curves testing. The results indicated that carbon steel and hot galvanized steel were both passivated in a strong alkaline solution. The electrode potential of hot dip galvanized steel was lower than that of carbon steel; thus, hot dip galvanized steel can provide very good anodic protection for carbon steel. However, when the pH value reached 12.5, a polarity reversal occurred under the condition of a certain potential. Hot dip galvanized coating became a cathode, and the corrosion of carbon steel accelerated. The electrochemical behaviors and passivation abilities of hot dip galvanized steel and carbon steel were affected by pH. In the higher pH solutions, passivation occurred with ease.
INTRODUCTION


Reinforcement concrete is widely used in modern architecture. However, it is being found that reinforced concrete structures lose efficiency too quickly, especially in corrosion media or dry-wet-cycle conditions, which can cause serious losses. At present, the engineering industry is paying more attention to this particular issue [1 -4] .
Concrete has pores in it, and in the early stage, the main ingredient of a concrete pore solution is a saturated Ca(OH)2 solution, and steel has a compact passivated layer. Carbonation and Cl ions [4 -6] are two of the most serious contributors to the reinforcement corrosion problem. A neutralization reaction occurs when CO2 passed capillary pores of concrete are combined with Ca(OH)2 in the concrete pore solution, which then creates CaCO3. This whole process is referred to as carbonation. With the carbonation process, the pH of the concrete pore solution changes, which then influences passive film formation on steel bars. This result ultimately increases the possibility of reinforcement corrosion.
There are two main methods for the corrosion protection of steel bars. One is to improve concrete performance, such as adding an inhibitor or water reducer that coats the surface of the concrete. The other is to improve the performance of the steel bar, such as using stainless steel bars with anti-corrosion properties, and applying an epoxy coating or metal coating to the surface. One type of metal coating is hot dip galvanized coating. This simple process has become an effective means of preventing the corrosion of reinforced steel in concrete. During the galvanizing, a metallurgical reaction occurs when the zinc solution comes into contact with the reinforcement; then, a tough, non-corrosive coating forms, which insulates the steel from the outside environment. At the same time, the zinc coating can be used as a sacrificial anode to provide steel substrate electrochemical protection. Furthermore, the addition of Ni, Mn, Al, Mg, and rare earth alloy elements in the zinc bath could further improve and optimize the corrosion resistance of zinc coating [7] . Topuz [8] have discussed the time of corrosion initiation of hot dip galvanized coating on reinforcement corrosion through the comparisons of the coated and uncoated concrete specimens after accelerated corrosion. The comparison can be used to judge whether the hot dip galvanized coating still has protective effect under different conditions.
There are many methods for studying the corrosion process of steel bars in concrete samples. The electrochemical method has a relatively mature theoretical framework as well as uncomplicated sample and equipment preparation. The aim of this work is to study the protective effect of hot dip galvanizing on carbon steel and the corrosion behavior of carbon steel as well as hot dip galvanized steel in a Ca(OH)2 simulated solution with a pH from 10 to 13, through analysis of open-circuit potential (OCP) and polarization curves.
EXPERIMENTAL
Materials and solutions
Hot dip galvanized steel and Q235 carbon steel samples, with a size of 30 mm × 40 mm × 1 mm, were prepared. Prior to testing, the specimens were degreased with acetone and alcohol successively in an ultrasonic bath for 15 min, immersed in 1 wt.% NaOH solution around 60 °C for 10 min, rinsed with hot water and room temperature water successively, and dried in flowing air. Than the specimens were encapsulated by epoxy resin with a surface of 10 mm × 10 mm.
Fresh wet concrete shows a pH between 12.5 and 13.3 [9] . Studies have shown that the pore solution extracted from the actual non-carbonized cement is essentially a mixed solution of NaOH and KOH [10] . Page et al. [11] determined that when the simulated concrete pore solution containing a mix of NaOH and KOH has a pH of above 12.6, it does not have a buffering effect on the pH. This means some of the common reaction will easily reduce the high alkalinity of the solution. In view of actual reinforcement use, the pH of noncarbonated cement was more inclined to the pH buffering range provided by a Ca(OH)2 solution (about pH 12.5) [12] . Numerous foreign studies on the influence of reinforcement corrosion adopted a saturated Ca(OH)2 solution as a simulated concrete pore (SCP) solution [13, 14] , and its initial pH was 12.5. With the carbonation process, the pH of the concrete pore solution decreases. When the pH drops below 10, the corrosion rate of reinforcing steel increases quickly [1] .
So, saturated Ca(OH)2 solution was prepared with analytically pure Ca(OH)2 and deionized water. Four batches of SCP solutions were prepared with pH values of 10, 11, 12, and 13 by diluting or adding a NaOH solution to the saturated Ca(OH)2 solution.
Experiments
The electrochemical measurements were made at room temperature using a EG&G-PAR263A electrochemical workstation. The OCP data was recorded for 3600 s at a rate of 10 s after working electrode samples were immersed in SCP solutions of pH 10, 11, 12, 12.5, and 13 successively [15] . A three-electrode system was used with SCE as the reference electrode, a platinum electrode as the auxiliary electrode, and samples with exposed areas of 1 cm 2 as the working electrode. Based on the electrode potential of the standard hydrogen electrode, the electrode potential of SCE was + 0.2415 V. The potentiodynamic polarization curves were measured at a scan rate of 1 mV/s [16, 17] . Fig. 1 shows the OCP curves of the samples. The OCP of carbon steel remained values of -500 mVSCE to -200 mVSCE range. According to the E-pH diagram of the Fe-H2O system, carbon steel was in the passive region and covered with Fe2O3 or Fe3O4, which could protect carbon steel under an alkaline condition. However, some potentially harmful ions, such as Cl -and SO4 2-, can easily destroy the passive film, thereby allowing the corrosion of carbon steel to accelerate. Likewise, the OCP of the hot dip galvanized steel was held at a relatively stable value in the range of -1500 mVSCE to -750 mVSCE. According to the E-pH diagram of the Zn-H2O system, the hot dip galvanized steel was in the passive region, covered with Zn(OH)2 passive film. Table 1 shows the electrode potentials of samples in SCP solution. As shown in Table 1 , the stable potential of the hot dip galvanized steel was far lower than that of Q235 carbon steel with pH ranging from 10 to 13. This means hot dip galvanizing supplies sacrificial anode protection for Q235 carbon steel in an alkaline solution. In the SCP solution of pH 12, the open circuit potential of Q235 carbon steel reached a maximum, while the hot dip galvanized steel reached a minimum [18 -20] . At this pH, the potential gap reached a maximum, and hot dip galvanizing had the best protective effect on the matrix. 
RESULTS AND DISCUSSION
Open-circuit potential
Potentiodynamic polarization curves
The potentiodynamic polarization curves of Q235 carbon steel in SCP solution are shown in Fig.2 . Under pH 10 and 11, the Q235 carbon steel experienced an active dissolution region and passivation region. Under pH 12, 12.5, and 13, Q235 carbon steel experienced an active dissolution region, passivation region, and transpassive region, successively, and the passivation current was around 7.75×10-6 A/cm 2 . Under pH 13, the carbon steel turned into a passive state after transient active dissolution, the associated passivation potential range was -0.393V to 0.591V, which is twice as large as the range at pH 12 and 12.5. In the active dissolution region, the corrosion current increased rapidly with increasing electric potential. According to the E-pH diagram of the Fe-H2O system, it is speculated that the carbon steel was dissolved by the following equation:
For the passivation process, the reaction may be represented by the following equation:
When it turned into a transpassive region, the anodic current density increased rapidly with the increase in electric potential, and ferric iron may have formed with an oxygenation reaction [17] . According to electrochemistry principles, the corrosion rate of metal is proportional to the corrosion current density (icorr). It can be seen from Fig. 2 that the more alkaline the SCP solutions are, the smaller the corrosion current and corrosion rate are. Carbon steel is easier to turn into passive state with good corrosion resistance [21] .
The potentiodynamic polarization curves of hot dip galvanized steel in SCP solution are shown in Fig. 3.   Fig. 3 . Potentiodynamic polarization curves of hot dip galvanized steel in SCP solution From Fig. 3 , it is clear that for the hot dip galvanized steel, the self-corrosion potential corresponds to the OCP. The potential reached a minimum at pH 12.5 and a maximum at pH 10. Under pH 10 to 13, the hot dip galvanized steel experienced an active dissolution region and passivation region, successively. In the passivation region, the current changes with the potential are not clear; this indicates that the passive film has protective effects. Under pH 10 to 12, the polarization current continuously increased, and the active dissolution region was long. When the pH was 12.5 and 13, the polarization curves of the hot dip galvanized steel had large differences from pH 10 to 12, which exhibited a short dissolution active region and an obvious self-passivation phenomenon. With an increase in pH, the passivation current of the hot dip galvanized steel demonstrated instability. It decreased first and then increased (pH of 12), before experiencing a significant reduction (pH of 12.5), and finally, there was a small increase (pH of 13). Ren Pengying [22] noticed that in a saturated Ca(OH)2 solution of pH 12.6, a zinc coating on galvanized steel generated corrosion products Zn(OH)2 and ZnO, which has an instability state. Through experiments, Liu Shuan [23] observed that when the pH value was between 12 and 12.7, zinc coating passivation is not stable. The corrosion products in the Ca(OH)2 solution were ZnO, Zn(OH)2, and Zn5(OH)6(CO3)2. When pH was above 12.7, zinc coating passivation became stable. It can be speculated that in a strong alkaline environment, the surface electrochemical state of the hot dip galvanized steel was highly affected by pH value, which relates to the dissolution and generation of the corrosion products. On the whole, the higher pH of the SCP solution is, the smaller the passivation current of hot dip galvanized steels, the larger the passivation region, and the stronger the corrosion resistance. For example, in a SCP solution of pH 12.5, the self-corrosion potential of hot dip galvanized steel reached a maximum, and the corrosion current reached a minimum [24 -26] . Fig. 4 gives potentiodynamic polarization curves, which dynamically show the electrochemical behavior of the hot galvanized steel on carbon steel. As Fig. 4 a -c shows, the electric currents of the hot dip galvanized steel were higher than those of Q235 carbon steel under the same potential in the SCP solution of pH 10 to 12. In the same solution, the hot dip galvanized coating was always an anode of the galvanic cell and ensures sacrificial protection for the matrix. At pH 12, the current achieved a maximum, and the protective effect was best, which is consistent with the preceding discussion. In Fig. 4 d and e, under pH 12.5 and 13, the anodic polarization curves of Q235 carbon steel and hot galvanized steel intersect at 0.179 V; 2.56 × 10 -6 A/cm 2 and 0.334 V; 6.08 × 10 -6 A/cm 2 respectively. When the corrosion current of the hot dip galvanized steel was higher than that of Q235 carbon steel, hot dip galvanized coating was always an anode of the galvanic cell and supplied sacrificial protection for matrix. Beyond intersection, anodic reversal would occur. This means the hot dip galvanized coating would be a cathode of the galvanic cell, and matrix corrosion may be accelerated. Fig. 4 indicates that the sacrificial anode protection using hot dip galvanizing was not absolute in an alkaline environment. When alkaline solution has pH higher than 12.5, anodic reversal may occur, and corrosion may be accelerated.
CONCLUSIONS
Carbon steel and hot dip galvanized steel were both passivated in a strong alkaline solution. The electrode potential of the hot dip galvanized steel was lower than that of carbon steel; therefore, hot dip galvanized steel provides very good anodic protection for carbon steel. However, when the pH value reached 12.5, anodic reversal occurred under the condition of a certain potential. Hot dip galvanized coating becomes cathode and the corrosion of carbon steel was accelerated. The electrochemical behavior and passivation of the hot dip galvanized steel and carbon steel are affected by pH. In the higher pH solutions, passivation occurred with ease.
